ABSTRACT GRESSER, ION (Children's Hospital Medical Center, Boston, Mass.), CHARLES CHANY, AND JOHN F. ENDERS. Persistent polioviral infection of intact human amniotic membrane without apparent cytopathic effect. J. Bacteriol. 89:470-475. 1965.-Poliovirus type I multiplied in organ cultures of the intact amniotic membrane. The be--havrior of the virus in this. system differed markedly from that observed in monolayer cultures of trypsinized amnion cells, since replication of new virus was demonstrable throughout a period as long as 3 months, extensive cellular destruction was not apparent, and only a small proportion of cells were found to be infected at a given time. It seems likely that the chronicity of infection is conditioned essentially by the persistent insusceptibility to polioviral infection of the large majority of cells (relative to monolayer cultures) rather than to interferon, which was present in the culture fluids. It was postulated that the greater suceptibility of cultured amnion cells to infection, as compared with cells of the intact membrane, is due in part to the enhancement of phagocytic activity attendant upon trypsinization and cultivation of the amnion cells in monolayers. Amniotic and chorionic membranes thoroughly washed free from blood contain and release in vitro antibody to poliovirus I and other viruses. Appreciation of this phenomen may be important in attempts to isolate viruses from infected tissues.
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Investigators have emphasized that susceptibility of animal cells to poliovirus in vitro does not necessarily reflect a corresponding susceptibility in vivo (Ledinko, Riordan, and Melnick, 1951; Evans et al., 1954a;  Kaplan, 1955;  Barski, Kourilsky, and Cornefert, 1957; Holland, 1961; Kunin and Jordan, 1961) . Indeed, susceptibility of cells in vitro may even vary somewhat according to experimental conditions. Evans and his coworkers (1954b) noted, for example, that poliovirus type I multiplied more readily in rollertube cultures of rhesus monkey testis than in suspended cell cultures. Holland (1961) was unable to demonstrate polioviral multiplication in fragments of the intact human amniotic membrane, although the virus could be easily propagated in monolayer cultures of cells derived from the membrane.
Our interest in the experimental conditions that alter the behavior of animal viruses stems, in part, from our previous work with mumps virus (Gresser and Enders, 1961) , since it was found that disruption of the natural arrangement of cells as a result of trypsinization and propagation in monolayer cultures was associated with a cytopathic effect not observed in cultures of the intact tissue.
Reinvestigation of susceptibility to poliovirus of amnion cells in the intact membrane has shown that, contrary to previous observations, viral multiplication does occur and continues for long periods. Only a small proportion of the cells were found to be infected at any given time, and no marked cytopathic effect (CPE) was observed. Thus, the behavior of poliovirus in organ cultures of the amnion differs strikingly from the usual destructive behavior exhibited by the virus in amnion cell monolayer cultures (Zitcer, Fogh, and Dunnebacke, 1955; Fogh and Lund, 1955) . We present here an analysis of some of the experimental conditions and factors that may possibly underly this difference.
MATERIALS AND METHODS
Maintenance of human amniotic membrane strips in vitro. Placentas were obtained within 2 hr of 470 VOL. 89, 1965 POLIOV'IRAL INFECTION OF HUMAN AMNIOTIC MEMBRANE delivery, and the amniotic membrane was immediately removed. The membrane was washed more than six times with more than 1 liter of phosphatebuffered saline (PBS) to remove all traces of adsorbed blood. Several strips, approximately 3 cm X 6 cm, were placed in 125-ml Erlenmyer flasks with 20 ml of nutrient medium, consisting of Eagle's medium with 10% heat-inactivated calf serum and 10% glutamine. In some experiments, poliovirus was inoculated into cultures of membrane strips shortly after their preparation, whereas, in other experiments, the tissues were rinsed in Hank's salt solution (BSS), and the nutrient medium was changed at daily intervals prior to viral inoculation. When medium was harvested for viral assay (every 3 to 5 days), the membranes were removed, rinsed thoroughly in BSS, and transferred to new flasks with fresh medium. In all instances, uninoculated duplicate membrane strips were maintained under identical conditions.
Method of staining amniotic membrane. The membrane strips were pinned on a paraffin block (open window method), fixed in absolute alcohol for 1 hr, and stained with hematoxylin and eosin. The stained tissue was then placed on a glass slide and a cover slip was added with use of permount.
Virus. Poliovirus type I, Sabin-attenuated LSC-2ab, was propagated in primary cultures of baboon (cynocephalus) kidney cells and KB cells (Gresser and Chany, 1964) .
Viral assay. Infectivity of poliovirus was assayed in cultures of KB cells maintained in Eagle's medium with 5% heat-inactivated calf serum and 10Cc glutamine. Titrations were performed both by the tube dilution technique, by employment of six cultures per dilution, and by a plaque procedure similar to one previously described (Mosley and Enders, 1962) . D)etermination of number of poliovirus-infected cells. To eliminate extracellular virus adherent to the infected amniotic membranes, the tissues were first rinsed five times in BSS, and then spread flat in a glass petri dish in 5 ml of BSS which contained 0.2 ml of antipoliovirus I rabbit serum (titer, 1:1250) obtained from Microbiological Associates, Inc., Washington, D).C. After incubation for 1 hr at 37 C, the membrane strip was again washed five times in BSS and placed in a 250-ml flask with 30 ml of Difco trypsin (0.25%0) for 1 hr at 37 C. After the flask was shaken vigorously, the membrane was removed, and the 30 ml of cell suspension were centrifuged. The cellular sediment was washed once in BSS and recentrifuged. The sediment was resuspended in 2 ml of nutrient medium, and the cell concentration was determined in a hemocytometer.
The number of infected cells was determined by inoculation of KB cell monolayer cultures (pharmacy bottles, 5 X 3 X 2.5 cm) with 0.5-ml samples of serial 10-fold dilutions of the cell suspension.
An overlay, consisting of 1.5%c agar (Difco) in Eagle's medium with 5% calf serum, was added. Plaques were counted on the 4th and 5th days.
Since it was assumed that an infected cell or clump of cells would form one plaque, the ratio of infected to noninfected cells was easily calculated.
On several occasions, the supernatant fluid was also tested for the presence of virus. Though residual virus was demonstrable, the titer was at least 100-fold less than that present in the cellular sediment.
Infectivity of poliovirus I for amniotic membrane and amniotic cells in culture. To determine the efficiency of polioviral infection in these two-culture systems, 107 PFU/0.5 ml of poliovirus I was inoculated onto the amniotic membrane and onto amnion cell monolayer cultures. After incubation for 1.5 hr at 37 C, the inoculum was removed, and the cells were rinsed 10 times with 10 ml of BSS. Antipoliovirus I rabbit serum was added for 1 hr at 37 C, and, after further washings, the number of poliovirus-infected cells was determined by employment of techniques outlined above.
Assay of interferon. Infected nutrient medium to be assayed for interferon (Isaacs and Lindenmann, 1957) activity was stored at 4 C for no longer than 1 week prior to testing. After centrifugation at 500 rev/min for 10 min, the fluid was centrifuged at 110,000 X g in a Spinco model L ultracentrifuge. Antipoliovirus I rabbit serum was added to the supernatant fluid, which was subsequently shown to be free of infectious poliovirus. Assays for interferon activity were performed on primary cultures of human amnion cells challenged with Sindbis virus, as previously described (Gresser, 1961) .
Method for demonstrating polioviral-neutralizing substance from amniotic and chorionic membranes.
The amnion or chorion was washed more than six times with over 1 liter of PBS, and all traces of blood were removed, prior to placing it in 50 ml of BSS in a 500-ml Erlenmyer flask. After incubation for 24 hr at room temperature (25 C), the fluid was removed and centrifuged at 500 rev/min. The supernatant fluid was concentrated approximately fivefold by pervaporation. This concentrate was dialyzed at pH 7 in BSS at 4 C and then centrifuged at 110,000 X g for 1 hr in a Spinco model L ultracentrifuge. The supernatant fluid was tested for poliovirus-neutralizing activity by standard techniques previously described (Gresser and Chany, 1964 (Table 1) . Only a small fraction (0.1 to 2.8%) of the cell population was found to be infected at any given time, a finding which was comipatible with the relatively low titers of extracellular virus in the culture fluid.
Liberation of an interferonlike suibstance by polioviral-infected miemibrane. The nutrient medium from infected and uninfected membrane strilps was collected on the 4th, 7th, 10th, 13th, 15th, and 18th days and assayed for interferon (Gresser, 1961) . Inhibitory titers of 1:2 to 1:8 for Sindbis virus in primary cultures of human amnion cells -eie demonstrable in all media from the infected amniotic membranes. None of the fluids harvested at these timies from the control membranes exhibited any antiviral activity. In a second experiment, medium collected on the 11th day from an infected membrane had an interferon titer of 1: 16, whereas no antiviral activity was demonstrable in the medium from the uninfected tissue.
Susceptibility of aninion cells of the intact menmbrane and of mlonolayer cell cultures to infection. The persistent infection of organ cultures of the amnion may be coml)ared to that of monolayer cell cultures "chronically" infected with various viruses. In both systems, a small fraction of the cell pol)ulation is infected at any given time, low titers of extracellular virus are p)roduced, and interferon is usually present. The low level of infection in "carr-ier" cell cultures has been ascribed to extracellular factors, such as interferon alone (Ho and Enders, 1959; Glasgow and Habel, 1962; Chany, 1961) , or interferon and incomplete viral particles (Rodriquez and Henle, 1964) , since the cells themselves were all easily "infectable." LThe mechanism of chronic infection in these systems appears to differ from the "carrier" cell cultures of KB.EA cells studied by Daniel and Chany (1962) (Ho and Enders, 1959) were employed. In contrast, only a small fraction (0.5 to 1.1%o) of the cells of the intact membrane became infected. Thus, in intact uninoculated membranes, the number of "infectable" cells proved to be comparable to the number of infected cells in strips (Table 1) in which virus had been multiplying for weeks.
These findings suggest that, unlike "chronically" infected monolayer cell cultures, cellular infection in the amnion is to be attributed in part, at least, to the failure of most cells to become infected rather than to an intracellular blockage of viral multiplication because of interferon or other inhibitors.
Liberation of type I poliovirus-neutralizing substances from amniotic and chorionic membranes. It will be recalled that in membrane cultures in which fluids were not changed prior to inoculation of virus, multiplication was retarded. It was found that this lag in multiplication was because of the initial release from the membrane of a polioviral-neutralizing substance. Experimental results indicating that this inhibitor was similar, if not identical, to poliovirus I antibody may be summarized as follows. After incubation of the thoroughly washed amnion or chorion in BSS for 24 hr, a poliovirus-neutralizing factor was demonstrated in concentrated nutrient fluid, from 28 of 31 chorions and 10 of 10 amnions. Viral inhibition was demonstrable by either the standard virus dilution or serum dilution neutralization tests. After incubation with poliovirus at 4, 26, or 37 C, the viral infectivity was markedly reduced, and the extent of neutralization increased proportionately with the time of incubation. The virus-inhibitor complex at 37 C did not dissociate at pH 7. The titer of inhibitor was higher in homogenates of the membrane initially than in homogenates of the same membrane 24 hr after incubation, suggesting that this factor was not synthesized de novo by the membrane, but was merely released in vitro.
The inhibitor was nondialyzable, was not sedimented by utracentrifugation at 110,000 X g, and was unaffected by ribonuclease, deoxyribonuclease, and ether. It was partially inactivated by 100 ,tg of trypsin. It was stable on storage for 5 months at -70, -20, and 4 C; stable at 56 and 60 C for 1 hr; but inactivated at 73 C for 1 hr. It was stable at a pH of 4, 6, and 8, but inactivated at pH 2. This substance(s) also inhibited the infectivity There was a direct correlation (the correlation coefficient between the log titers of the chorionic substance and serum antibody was 0.83) between the titers of the chorionic substance and the serum antibody levels. In no instance was a greater activity present in the chorionic concentrate than in the serum. In addition, total protein determinations, quantitative electrophoresis for y-globulin, and anti-y-globulin precipitin tests were undertaken on each specimen, and the ratio of the -y-globulin in the serum to the -y-globulin in the concentrated chorionic diffusate paralleled the ratio of their antipolioviral activity.
These findings, therefore, suggest that the amniotic and chorionic membranes, washed visibly free from blood, still contain antibody intimately adsorbed to the surface or in the stromal matrix, which, under appropriate experimental conditions, diffuses out into the surrounding media.
DIscussIoN
The behavior of poliovirus in organ cultures of intact amniotic strips was strikingly different from that observed in monolayer cell cultures.
Viral replication proceeded for as long as 3 GRESSER, CHANY, AND ENDERS months, and the titer of v-irus in the culture medium was far less than that usually observed in the medium of infected amnion monolayer cultures (Fogh and Lund, 1955) . The fact that relatively few cells in the membrane (0.1 to 2.8%) were found to be infected at any given time accounts for the relatively low virus yield in these cultures and the absence of a recognizable cytopathic effect.
The failure of previous workers to demonstrate viral multiplication in cells of the intact membrane may have resulted from premature termination of their experiments or from the failure to eliminate tissue-associated antibody. Though viral propagation occurs, our data do not provide, however, an explanation for the persistent relative insusceptibility of the membrane cells. Even after maintenance in vitro for 3 weeks, only a small proportion of the cells of the membrane were "infectable" when exposed to large amounts of virus, in contrast to the much larger numbers found in monolayer cultures. To explain this difference in susceptibility, Holland (1961) and Kunin and Jordan (1961) suggested that cells of the intact membrane and freshly trypsinized amniotic cells lacked sl)ecifie viral "receptors" and were, therefore, completely insusceptible. Upon cultivation, these cells acquired "receptors," and viral multiplication occurred in consequence.
It is probable, however, that cultured cells exhibit numerous properties not discernible in their normal environment. Edwards and Fogh (1959) pointed out that trypsinized cells become "motile, self-contained, free-living, unicellular organisms of ameboid form," and cinematography of cultured cells has dramatically illustrated the constant activity of their cell membranes (Pomerat, 1958 
